Abstract. Due to the unique field configuration of the toroidal modes, the cylindrical dielectric metamaterials with toroidal dipolar response could serve as a platform for sensing. Through changing the parameters of the model resonant frequency can be adjusted flexibly. The terahertz sensing characters are confirmed by the detection of samples such as nitrogen, gasoline, liquid paraffin, oil, glycerol, oil paint and water. It is found that with the increase of the liquid relative dielectric permittivity, the resonant frequency always shifts to the decreasing direction. This work may be helpful for exploring the sensing application of the cylindrical metamaterial array wih toroidal modes. Our group [11] [12] [13] [14] has been dedicated to the study of metamaterial sensors for a long time. Zheludev [15] analyzed the future development of metamaterials and pointed out that sensing application represents a growing area.
Introduction
Metamaterials are engineered materials containing artificial media structures which give them extraordinary physical properties beyond natural materials [1] , such as reverse Vavilov-Cherenkov effect [2] , negative refraction [3] , cloaking [4, 5] , concentrator [6] , perfect lens [7] and negative compressibility [8] . In recent years, sensing applications of metamaterials have attracted a great deal of attentions. A large number of researches about metamaterials sensors have emerged over the last several years. Schueler et al. [9] reviewed the metamaterial inspired composite right/left-handed transmission line microwave sensors. Chen et al. [10] reviewed metamaterials application in sensors. Our group [11] [12] [13] [14] has been dedicated to the study of metamaterial sensors for a long time. Zheludev [15] analyzed the future development of metamaterials and pointed out that sensing application represents a growing area.
In 2015, Basharin et al. [16] designed a dielectric metamaterials with toroidal dipolar response and employed dielectric to constitute periodic structure metamaterials to support resonant toroidal excitations in the terahertz part of the spectrum. However, few people pay attention to the dynamic toroidal dipole. The conventional dynamic multipoles were shown to radiate electromagnetic fields, and the standard multipole expansion of charge-current excitations are not a part of the toroidal dipole [17, 18] . Other compelling phenomena expected in the presence of toroidal dipolar excitations include the various of fascinating phenomena, such as the obstruction of action-reaction [19] , nonreciprocal refraction of light [20] , and so on. It provides a promising fabrication process to investigate the toroidal response in the terahertz region.
In this paper, we study a completely all-dielectric metamaterials that can address weak coupling problem and support strong resonant toroidal excitations in the terahertz part of the spectrum. For a better understanding, we simulate the transmission parameters of a unit cylindrical metamaterial array and show the distribution of the corresponding electric field, the magnetic field, and the displacement current. Then we explore the impact of the dependence of toroidal on cylindrical metamaterial array on the resonant frequency. Finally, we confirm the terahertz sensing characteristics by the detection of liquid, which makes the proposed metamaterial a viable application for sensing in terahertz.
The Simulation and Analysis
As is well-known, the dissipation is a major drawback of the toroidal metamaterial designs reported so far. In order to eliminate this problem, we simulate a completely all-dielectric metamaterial that is able to support strong resonant toroidal excitations in the terahertz part of the spectrum. The geometrical structure of three-dimensional infinitely long nonmetallic metamaterial with toroidal dipolar response is show in Figure 1(a) . Each unit all-dielectric metamaterials slab contains four cylinders, the period of each unit all-dielectric metamaterials slab is 58 µm. The radius of each cylinder is 8 µm. The spacing of center-to-center between adjacent two cylinders is 18µm. The geometrical structure of the all-dielectric metamaterial with toroidal dipolar response is shown in Fig. 1(a) . The dielectric cylinders colored in gray is assumed to be made of LiTaO3 with permittivity and permittivity is 41.4, an ionic crystal that is known to exhibit strong plaritonic response at THz frequencies due to the excitation of optical phonons [21, 22] . The complex dielectric permittivity of LiTaO3 could be represented as:
where ωT/2π=26.7 THz is the frequency of the transverse optical phonons, ωL/2π=46.9 THz is the frequency of longitudinal optical phonons, γ/2π=0.94 THz is the damping factor due to dipole relaxation, and ε∞=13.4 is the limiting value of the permittivity for frequencies much higher than ωL. We show from 0 THz to 40 THz frequency range of the cylinders complex dielectric permittivity (see Fig. 1(b) ). In the range of 0 THz to 10 THz, the real part of the dielectric permittivity does not change with frequency, it's a constant, and its imaginary part is 0. This is also the reason we chose the LiTaO3 to make up the cylinders [16] .
Toroidal Modes of Cylindrical Metamaterial Array
As show in Fig. 1(a) , the all-dielectric metamaterial slab is periodic along the x axis only, the electromagnetic wave incident direction is along y direction with the electric field in z direction and magnetic field in x direction. Furthermore, we carry out numerical simulations in time domain based on a commercial software CST MICROWWAVE STUDIO. In simulation, the reflection coefficient and transmission coefficient of the all-dielectric metamaterial are shown in Fig. 2 . The blue curve represents the reflection coefficients, and the red curve is the transmission coefficient. As shown in the green box in Fig. 2 , the contribution of the electric dipole is strongly suppressed in a narrow frequency range, from 1.89 THz to 1.93 THz. From Fig.2 , we can obviously get a toroidal dipole resonance frequency of about 1.90THz, which can be confirmed by calculating the distribution of the local fields and density of the displacement currents induced in the metamolecule (see Fig. 3 ). Such metamolecule is formed by placing four dielectric cylinders close to each other. These modes correspond to the displacement currents j oscillating in the inward and outward parts of the cylinders in the opposite directions and are excited by the plane electromagnetic wave with an E vector parallel to the axis of the cylinders. In an ideal case, such a state is characterized by zero net magnetic and electric multipole moments and a nonzero toroidal dipole moment oscillating along the axes of the metamolecule.
abs Figure 2 . Reflection coefficient (S11, blue lines) and Transmission coefficient (S21, red lines) as a function of frequency.
The toroidal dipolar response is observed at around 1.90 THz as a resonance of full transmission. The field maps clearly show a distinct vortex of the magnetic field that threads all four cylinders of the metamolecule and is produced by the displacement currents oscillating in the inward and outward parts of the cylinders in the opposite directions. Although the appearance of a magnetic vortex is also expected for an electric dipolar excitation, the induced magnetic field in the present case is confined within a well-defined ringlike region. Such spatial localization of the magnetic field and the corresponding poloidal current mode are the key signatures of the toroidal dipolar excitation [16] . From 1.91 THz to 1.94 THz, the antisymmetric modes excited in each cylinder make the electric dipole moment vanishing. At around 1.94 THz, as in the case of toroidal dipolar excitation, the coupling of individual magnetic dipole induced in each of four cylinders result in magnetic quadrupole emergence (see Fig. 4 ). In the same way, Fig. 4 shows the distribution of the corresponding electric field, magnetic field, displacement current j respectively. On the contrary to the toroidal dipolar mode, electric field of the magnetic quadrupolar is completely expelled from the central region of the metamolecue. It presents a diverting opportunity of using the metamaterial as a microscopic cloaking device, where the presence of an object placed in the center of the metamolecule may not be displayed. 
The Dependence of Toroidal Modes on Cylindrical Metamaterial Array
From 0 THz to 10 THz, the real part of the dielectric permittivity does not change, it's a constant, and the imaginary of the dielectric permittivity part is 0. In what follows, we investigate the dependence of toroidal modes on cylindrical metamaterial array. Fig. 5(a) shows the spectrum of transmission coefficient with respect to the change of ambient media relative permittivity. In the simulation, the ambient media relative permittivity is supposed to vary from 1.0 to 1.5 with an interval of 0.1. It is found that with the increase of the ambient media relative permittivity, the resonant frequency always shifts to the decrescent direction. We can clearly observe that the response to an increase of 0.1 in ambient media relative permittivity is a frequency downshift of 5.25 GHz. The spectrum shift with respect to the change radius of each dielectric cylinder is simulated and shown in Fig. 5(b) . Result show that the response to an increase of 0.1 um in radius of each dielectric cylinder is a frequency downshift of 25 GHz in average. Fig.5(c) shows the spectrum shift with respect to the increase of the spacing of center-to-center between adjacent two cylinders. We can see that when a increases from 18.0 um to 18.5 um, the frequency shift of the all-dielectric cylindrical metamaterial array sensor is 8.75 GHz. To understand the impact of the period of four cylinders on the sensitivity of the all-dielectric cylindrical metamaterial array sensor, we assume that the period (d) of four cylinders increases from 53 um to 58 um with an interval of 1 um, and the corresponding resonant frequency spectra with respect to the change of period of four cylinders are then simulated as shown in Fig. 5(d) .
It is clear that the period of four cylinders hardly affect the resonant frequency. 
Sensing Properties of the Toroidal Modes
To acieve the application of the all-dielectric cylindrical metamaterials array, the ambient media are supposed to be liquid nitrogen, gasoline, liquid paraffin, oil, glycerol, oil paint and water, of which the relative permittivities are 1, 1.988, 2.22, 3.31, 3.33, 3.5 and 4.41, respectively. Fig. 6 shows the spectrum shift with respect to the relative permittivity of the ambient media liquid. It's seen that different medium can be easily distinguished. It is found that the all-dielectric cylindrical metamaterials array sensors can detect liquid. When the liquid analyte is gasoline and water, we simulate the corresponding electric field and magnetic field distribution as shown in Fig. 7 . Therefore, it is possible to identify different liquid using the proposed method. 
Conclusions
We study a completely all-dielectric metamaterial with toroidal dipolar response. To explore the sensing application of the toroidal mode, we simulate the dependence of mode field distribution on cylindrical metamaterial array. We show that the cylindrical metamaterial array sensor possesses a high sensitivity. Moreover, the detection of nitrogen, gasoline, liquid paraffin, oil, glycerol, oil paint and water are modeled to further confirm the sensing properties of the cylinders metamaterials sensor. It provides an effective way for detecting liquid. Therefore, it is expected that the metamaterial sensors based on all-dielectric array with dipolar response can be realized, and will contribute to more applications in dielectric sensing in fields where high sensitivity is required.
